Abstract One emerging topic in renin-angiotensin system (RAS) research is the direct local control of renin synthesis and release by endogenous metabolic intermediates. During the past few years, our laboratory has characterized the localization and signaling of the novel metabolic receptor GPR91 in the normal and diabetic kidney and established GPR91 as a new, direct link between high glucose and RAS activation in diabetes. GPR91 (also called SUCNR1) binds tricarboxylic acid (TCA) cycle intermediate succinate which can rapidly accumulate in the local tissue environment when energy supply and demand are out of balance. In a variety of physiological and pathological conditions associated with metabolic stress, succinate signaling via GPR91 appears to be an important mediator or modulator of renin secretion. This review summarizes our current knowledge on the control of renin release by molecules of endogenous metabolic pathways with the main focus on succinate/GPR91. Keywords Succinate . GPR91 . SUCNR1 . Reninangiotensin system . Diabetes Renin synthesis and release from juxtaglomerular apparatus (JGA) is the rate-limiting step in the activation of the reninangiotensin system (RAS), a major (patho)physiological regulatory mechanism of body fluid and electrolyte homeostasis and blood pressure. The four main mechanisms of renin control include both systemic and local intrarenal players: the sympathetic nervous system, the local (JGA) baroreflex, the macula densa mechanism, and several hormones acting locally within the JGA. Details of these classic pathways have been reviewed recently [4, 37] and are further addressed elsewhere in this special journal issue. A significant contribution to our better understanding of the networks controlling renin secretion has come from mice with genetic alterations in the above pathways [36] .
Renin synthesis and release from juxtaglomerular apparatus (JGA) is the rate-limiting step in the activation of the reninangiotensin system (RAS), a major (patho)physiological regulatory mechanism of body fluid and electrolyte homeostasis and blood pressure. The four main mechanisms of renin control include both systemic and local intrarenal players: the sympathetic nervous system, the local (JGA) baroreflex, the macula densa mechanism, and several hormones acting locally within the JGA. Details of these classic pathways have been reviewed recently [4, 37] and are further addressed elsewhere in this special journal issue. A significant contribution to our better understanding of the networks controlling renin secretion has come from mice with genetic alterations in the above pathways [36] .
The focus of the present review is an emerging new field, direct local control of renin synthesis and release by endogenous molecules of cell and mitochondrial metabolism. Numerous links between the RAS and body metabolic function have been established and roles of peripheral or brain RAS in metabolic rate regulation are reviewed separately in this issue [10] . In the present paper, we discuss the role of the largely overlooked TCA cycle intermediate succinate in metabolic stress and its cell surface receptor GPR91. A variety of (patho)physiological conditions are also reviewed here in which succinate and GPR91 signaling appear to be important mediators or modulators of renin release. In addition, other molecules are briefly mentioned that function in endogenous metabolic pathways and are linked to renin control.
Succinate and metabolic stress
The pioneering work of Krebs and others in the 1960s established that in multiple organs, even very short durations of hypoxia can result in a selective rise in tissue succinate in sharp contrast to the fall in other TCA cycle intermediates [9, 20] . However, over the years, succinate has been largely forgotten, while the role of oxidative stress and the accumulation of reactive oxygen species (ROS) as the primary by-product and sign of mitochondrial stress prevailed. In the normally hypoxic, harsh tissue environment within the kidney, the role of mitochondrial and oxidative stress in the regulation of organ function is critically important. A large body of evidence shows strong association of kidney disease and hypertension with oxidative stress and the buildup of ROS [21, 46] . However, in (patho) physiological conditions of mitochondrial stress, succinate can accumulate in parallel with ROS. In fact,there is close association between the two: ROS can inhibit several mitochondrial enzymes resulting in the acceleration of a shunted, abbreviated TCA cycle and formation of high levels of succinate [7] . The formation of succinate within heart and kidney under altered metabolic conditions has been established [44, 45] .
Over the past decade, the importance of succinate has not only been better recognized for its role in cell stress and hypoxia response, but also simply (and indirectly) because of the established succinate dependence of the major mediator, the hypoxia-inducible factor (HIF) [19] . The role of HIF and hypoxia response genes including the vascular endothelial growth factor (VEGF) in various pathologies including kidney disease has been a hot topic [22, 41] . However, it needed a groundbreaking discovery, identification of succinate as the specific ligand for the novel metabolic receptor GPR91 (also called SUCNR1) to bring succinate back to the spotlight. In 2004, the previously orphan, G i -and G q -coupled cell surface receptor GPR91, was found to specifically bind the citric acid (TCA) cycle intermediate succinate [12] . This important finding showed that by acting as ligands for G protein-coupled receptors (GPCRs), succinate (and α-ketoglutarate) can have unexpected signaling functions beyond their traditional roles in metabolism. Particularly exciting for the renal and RAS research community, succinate was shown to cause elevated blood pressure due to GPR91-mediated renin release and RAS activation [12] .
Succinate is not only normally present in the mitochondria as part of the TCA cycle to produce ATP, but it is also found in the systemic circulation with mean plasma levels between 1 and 20 μM [12, 34] . However, the accumulation of succinate in mitochondria, cytosol, and extracellular environment has been observed in (patho)physiological states such as hypoxia [9, 12, 13, 20] , diabetes [34, 42] , and cancer [38] due to the imbalance between energy demand and food and oxygen supply. The accumulation of succinate is a sign of mitochondrial stress, although to date the role of succinate has been largely overlooked [24] . During the past 8 years, 27 new papers in high profile journals described this emerging topic, the role of succinate and GPR91 in diverse organs like adipose tissue [31] , liver [5] , immune system [33] , bone marrow [11] , retina [35] , and kidney [24, 28, 42, 43] . As a result, succinate/GPR91 signaling is now implicated in the pathomechanism of diabetic nephropathy [24, 28, 42, 43] , retinopathy [35] , obesity [31] , heart ischemia [1] and hypertension [12, 34] , liver disease [5] , immune [33] and blood disorders [11] , and possibly also connected to aging and cancer [38] . A recent study found that succinate via GPR91 is a very potent inhibitor of lipolysis [31] . This new function of GPR91 and its highest expression in the adipose and liver tissues [12, 31] that are key organs of carbohydrate and lipid metabolism suggest the direct role of succinate in the regulation of body metabolic rate and related diseases such as diabetes and obesity.
Succinate directly links hyperglycemia and renin release in diabetes
After the landmark paper by He et al. identified GPR91 as a succinate receptor and predicted its role in renovascular hypertension and diabetes [12] , our laboratory describedthe localization and signaling of GPR91 in normal and diabetic kidney and established GPR91 as a new, direct link between high glucose and RAS activation in diabetes [24, 28, 42, 43] . Hyperglycemia is known to be associated with marked reductions in the already low renal oxygen tension and it further overwhelms mitochondrial respiration [23] . Consistent with the high level of mitochondrial stress in the diabetic kidney, we measured 1-2 orders of magnitude higher levels of succinate in urine and kidney homogenates of diabetic animals 1 week after STZ injection compared to control [42] . Changes in plasma succinate were found to be small or inconsistent and therefore, are less informative [34] most likely because of cell reuptake and metabolism of succinate in the local peripheral tissue environment.
Importantly, one hallmark of diabetes, elevations in renal and plasma renin or prorenin that were observed in STZdiabetic mice, was abolished in diabetic GPR91-deficient mice [42] . The renin-releasing effect of succinate that was first established by Baumbach et al. in 1976 [2] was confirmed to be mediated by GPR91, not only on complex systemic but also on local tissue level as well using freshly dissected in vitro microperfused JGA preparation [42] .The use of TCA cycle enzyme inhibitors showed that the reninreleasing effect of high glucose was mediated by succinate and GPR91 [42] . Interestingly, GPR91 is expressed not in the JG cells, but rather in two sensory cell types of the JGA, the macula densa [43] and vascular endothelium [42] . Therefore, succinate causes renin release via GPR91 in a paracrine manner with increases in macula densa and endothelium-derived prostaglandin E2 (PGE 2 ) and nitric oxide (NO) as chemical mediators. PGE 2 and NO synthesis and release are mediated by intracellular calcium in the endothelium [42] or mitogen-activated protein kinases p38 and pERK1/2 in the macula densa [43] (Fig. 1) . It is not known if succinate that activates GPR91 in MD cells is generated locally (autocrine/paracrine mechanism) or derived from upstream nephron segments. However, indirect evidence suggests that succinate may accumulate and act locally in MD cells in an autocrine/paracrine way ( Fig. 1) rather than spilled over from the proximal tubule or the loop of Henle. GPR91 expression and signaling is in place and active in cultured MMDD1 cells, a model of the MD [43] . In addition, GPR91-dependent activation of ERK1/2 in diabetes was evident only in the MD and downstream nephron segments. ERK1/2 did not appear to be activated upstream in the thick ascending limb [43] although this tubule segment also expresses GPR91 [32] .
Our group also showed that in addition to the JGA (the classic intrarenal site of renin synthesis and release), the highly GPR91-expressing distal nephron/collecting duct [32] is the major source of (pro)renin [18, 28] and other pathologies [24] in diabetes. The potential role of GPR91 in the regulation of the local, intratubular collecting duct RAS may establish another link between succinate and renin control and needs to be further investigated. Because of the multiple intrarenal anatomical sites of (pro)renin synthesis, experimental studies may benefit from using imaging approaches. Several applications of multiphoton microscopy, a unique state-of-the-art imaging technology, have been developed to directly and quantitatively visualize the intact mouse and rat kidneys and monitor the basic parameters of kidney function in vivo including (pro)renin content, release, and tissue activity [16, 17, 25, 26, 29, 40] .
GPR91 as a (patho)physiological mediator/modulator of renin secretion
Although succinate via GPR91 signaling can cause renin release leading to RAS activation and hypertension as established by our laboratory and others [6, 12, 24, 28, 42, 43] , the (patho)physiological relevance of this pathway was studied first and foremost in the diabetic state. Since the reduction in organ blood supply and hypoxia causes succinate accumulation and acute iv injection of succinate causes renin release and RAS-dependent hypertension, He et al. predicted the importance of GPR91 signaling in renovascular hypertension [12] . However, this is yet to be demonstrated in a relevant experimental model. Succinate and GPR91 use the same intracellular signaling cascade in macula densa cells that have been established to mediate the low tubular salt-induced renin release [27] . This signaling cascade involves the activation of ERK1/2, p38, and COX-2 and the generation and release of PGE 2 , the main paracrine mediator of increased renin synthesis and release. This suggests that by altering the intracellular level of these same signaling molecules, succinate via GPR91 can effectively modulate the macula densa mechanism of renin secretion (and perhaps renal and glomerular hemodynamics as well) that may activate in response to other (patho)physiological stimuli. Consistent with this modulatory role, our group found diminished renin secretion in response to low salt diet in GPR91 knockout versus wild type mice [43] . ? Fig. 1 Schematic illustration of the altered mitochondrial metabolism in diabetes and the elements of paracrine succinate/GPR91 signaling that resulted in renin release. The accelerated glucose uptake, glycolysis, and TCA cycle leads to high metabolic rate and significant succinate accumulation in the mitochondria, cytosol, and interstitium. GPR91 signaling may be involved in the cell stress response to hypoxia and hyperglycemia, leading to the overactivation of normally protective signaling pathways but also results in the activation of the renin-angiotensin system (RAS) and related pathology. Some of the depicted elements of the hypoxia response (EPO erythropoietin, GLUT1 glucose transporter-1, HIF hypoxia-inducible factor, VEGF vascular endothelial growth factor) are known to be succinate-and/or GPR91-dependent in other cell types [24] but have not been characterized in MD cells (therefore, illustrated with a question mark). GPR91 uses the classic paracrine signaling cascade between the macula densa and renin-producing JG cells that involves the activation of ERK1/2, p38, COX-2, and the generation and release of PGE 2 from the macula densa. PGE 2 then acts on adjacent JG cells via the EP2/4 receptor and cAMP to trigger renin release. Modified from reference [24] Complex cardiovascular and metabolic conditions (hypertension, atherosclerosis with type II diabetes, and obesity) may be associated with the greatest imbalance in mitochondrial energy supply and demand and oxygen delivery, therefore with the highest local succinate levels in the kidney and other organs. Accordingly, elevated succinate was detected in spontaneously hypertensive rats (SHR), ob/ob mice, db/db mice, and fa/fa rats in comparison to their nondiseased controls and at levels that are consistent with the activation of GPR91 [34] . Studies to confirm the causative role of succinate/GPR91, renin, and RAS in these pathologies are currently ongoing.
The high energy demand in hyperfunctioning tissues (e.g., after nephron loss in the remnant kidney) may also lead to mitochondrial stress and succinate accumulation [13] . Interestingly, Singh et al. recently reported on hemodynamic and molecular adaptations in the remnant nephrons in a model of subtotal nephrectomy combined with ischemia reperfusion which preconditioned them against ischemic injury [39] . Aberrant tubuloglomerular feedback increased (maintained) GFR that suggest robust vasodilatation of preand intraglomerular blood vessels, and activation of the hypoxia response and HIF-1α expression [39] in this condition are very similar to the molecular players and functional effects that succinate/GPR91 signaling activates, for example, in early diabetes. Although succinate levels were not measured and the role of succinate/GPR91 was not addressed in the study, the extreme mitochondrial stress due to high energy demand (hyperfunctioning remnant kidney) combined with severe hypoxia (ischemia-reperfusion) strongly suggest the involvement of succinate signaling in this condition and in the adaptation mechanisms. Pathologically high expression of renin after subtotal nephrectomy was described earlier [8] .
Other emerging metabolic molecules in renin control
The discovery that succinate can bind to a G proteincoupled receptor (GPR91) and trigger renin release [12] led to the concept that molecules of endogenous metabolic pathways may serve as direct metabolic regulators of renin secretion and RAS activity beyond their traditional roles in metabolism. The closely related dicarboxylate α-ketoglutarate, which also functions in the TCA cycle, is a ligand for GPR99 [12] . Although GPR99 is almost exclusively expressed in the kidney and localized mainly in the distal nephron [12] , its role in renin control or renal fluid and electrolyte reabsorption is not known.
The concept that the kidney employs well-designed metabolic or chemosensors to directly regulate the excretion of substances and renin release was further supported by Pluznick et al. who localized and characterized the elements of an olfactory signaling system along the apical surface of the distal nephron including the macula densa [30] . At least one olfactory receptor, and the olfactory-related adenylatecyclase (AC3) and the olfactory G protein (G olf ) were localized along the apical surface of distal tubule segments and in cells of the macula densa [30] . Altered expression and activity of COX-2 and nNOSin macula densa cells, and importantly, reduced plasma renin levels were found in AC3 −/− mice suggesting the direct involvement of the olfactory machinery in the regulation of renin secretion. In future studies, it will be intriguing to further examine the role of individual olfactory receptors in renin control and to identify the chemical substances that macula densa cells can "smell."
In addition to succinate and olfactory substances, renin secretion may be directly induced by molecules of other main metabolic pathways. For example, uric acid, which is the metabolite of dietary fructose and cellular purine degradation, is known to increase renin levels and activate the intrarenal RAS [14] . A preliminary report from our laboratory [15] showed that uric acid can acutely trigger renin release in the isolated in vitro microperfused mouse JGA preparation via a macula densa-dependent mechanism.
Perspective and future directions
During the past few years, a new emerging research field identified the direct effects of metabolic intermediates via their GPCRs on kidney function including the control of renin secretion. Perhaps the most characterized of such emerging pathway involves the TCA cycle intermediate succinate and its cell membrane receptor GPR91 which have been linked to a variety of (patho)physiological conditions and mechanisms in many different organs. Among the many functions, GPR91 in the JGA provides a direct metabolic control of renin secretion based on the conditions in this local tissue environment (succinate levels). Ongoing and future studies are expected to identify the importance of succinate/GPR91 and other metabolic intermediates in the development of diabetic nephropathy and renovascular hypertension. Newly developed chemical GPR91 inhibitors [3] now provide a pharmacological tool in addition to previously used genetic approaches for GPR91 research. Future studies may provide clinically important information that can be used to develop new drugs (novel GPR91 inhibitors) and diagnostic approaches (urinary succinate) for the more effective treatment and diagnosis of metabolic diseases and their complications.
